We present an experimental investigation of Rayleigh-Bénard convection in binary-gas mixtures. In order to interpret the results quantitatively, we determined the necessary thermodynamic and transport properties for six mixtures ͑He-CO 2 , He-SF 6 , He-Xe, Ne-Ar, Ar-CO 2 , and H 2 -Xe͒ by a combination of data from the literature, molecular-theory calculations, and thermal-conductivity measurements. All six mixtures have positive separation ratios ⌿. The Lewis number L ͑the ratio of the mass to the thermal diffusivity͒ is of O(1), in contrast to liquid mixtures where LϭO(10 Ϫ2 ). An important feature of the gas mixtures is that their Prandtl number ͑the ratio of the kinematic viscosity to the thermal diffusivity͒ can be lower than those of the two pure components. We discuss the physical reason for this and show that the minimum Prandtl number reached by using binarygas mixtures is about 0.16. The critical temperature difference ⌬T c for the onset of convection is determined from measurements of the Nusselt number N ͑the effective thermal conductivity͒ and from the contrast of shadowgraph images as a function of ⌬T. The results agree well with the prediction of linear stability analysis. In contrast to convection in binary-liquid mixtures with ⌿Ͼ0, N for the gas mixtures increases significantly with ⑀ϵ⌬T/⌬T c Ϫ1 as soon as the convection starts at the Soret onset and is qualitatively similar to the Nusselt number of pure fluids. However, the critical Rayleigh number R c is lower than the value R c0 ϭ1708 of pure fluids. The pattern at onset in the gas mixtures initially consists of parallel straight rolls, in contrast to binary-liquid mixtures where the pattern consists of squares. Based on the gas-mixture properties, we find that the Dufour effect ͑the reciprocal process of the Soret effect͒ is relatively weak. The slope dN/d⑀ of N at onset is found to be consistent with that predicted by an eight-mode Galerkin truncation.
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I. INTRODUCTION
A quiescent horizontal fluid layer heated from below becomes unstable and undergoes a transition to buoyancydriven convection, namely, Rayleigh-Bénard convection ͑RBC͒, when the temperature difference ⌬T across it exceeds a critical value ⌬T c . This system has long been used to investigate many fundamental and practical problems ͓1-8͔. Particularly, it has become a paradigm in the study of complex spatiotemporal behavior in spatially extended nonlinear nonequilibrium systems ͓6͔. This is so for two reasons. On the one hand, RBC lends itself to well controlled, quantitative experiments ͓5,8͔. On the other hand, the equations of motion of the system are well known ͑the Navier-Stokes equations and associated boundary conditions͒ and permit a close connection between theory and experiment, which has led to detailed tests of theoretical concepts ͓2,3,6͔. There has been a large amount of experimental work on RBC in singlecomponent liquids and gases and in binary-liquid mixtures. In this paper, we report RBC experiments in binary-gas mixtures and show that they open an alternative parameter range with different opportunities in the study of RBC.
The primary control parameter for RBC is the Rayleigh number
a dimensionless measure of the temperature difference across the fluid layer. Here ␣ϵϪ͑1/͒͑‫ץ/ץ‬T͒ P ͑2͒
is the isobaric thermal expansion coefficient ( is the density and P the pressure͒, g the acceleration of gravity, d the fluid-layer thickness, the thermal diffusivity, and the kinematic viscosity. As R increases from zero, the destabilizing density gradient ͑or buoyancy force͒ increases. Convection occurs when R exceeds a critical value R c (⌬T exceeds ⌬T c ). For a single-component fluid, the critical Rayleigh number ͑corresponding to ⌬Tϭ⌬T c0 ) is R c0 ϭ1708, independent of material properties, and the convection just above onset consists of stationary rolls. When R increases further above R c , various flow patterns and time dependences evolve ͓5,9-12͔, and turbulence appears at very large R ͓7͔.
The nonlinear behavior of convection above R c depends on the Prandtl number ϵ/ ͑3͒
as well as on R. Although does not affect the onset of convection, it has important effects on secondary instabilities of the convection-roll patterns. For the idealized case of infinitely extended parallel straight rolls, Busse and collaborators ͓2,13-15͔ have determined the main features of these instabilities as well as their boundaries as a function of R, , and the roll wave number k. These predictions describe fairly well also the case of convection in large but finite samples when is large. However, for low experiments have revealed complex spatiotemporal behavior at R slightly above R c ͓5,12,16-18͔, where straight rolls are predicted to be stable in the infinite system. To a large extent this time dependence of the patterns is associated with roll curvature induced by the sidewalls of the cell, which leads to largescale flows. These flows in turn create a wave-number distribution that, for small , overlaps the stability boundaries of the infinite system ͓5,12͔.
Another parameter relevant to experiments is the lateral extent of a convection cell, as described by the aspect ratio
where r is the radius for a cylindrical cell. When the system is small (⌫Շ3), RBC can exhibit temporal chaos ͓6,19,20͔ as R increases from R c , and the spatial dependence is dynamically unimportant. For large ⌫, the spatial degrees of freedom play an important role in the complex evolution of convection patterns, resulting in spatiotemporal chaos ͓5,17,18,21-24͔. Recently it was shown that the onset of spiral-defect chaos, a spatiotemporal chaos occurring only for ⌫ӷ1 and low , depends significantly on the aspect ratio ͓17,18,23,25͔.
The nature of Rayleigh-Bénard convection in pure fluids is determined by the above three dimensionless numbers when the Oberbeck-Boussinesq approximation ͓26-28͔ applies. In this approximation it is assumed that the variations of all fluid properties with temperature ͑except for the density in the buoyancy force͒ can be neglected. For most of the work reported in this paper this approximation is very good.
For binary mixtures, additional parameters are required to describe the nature of the convecting state because of the coupling between concentration and temperature fields. This coupling results in new phenomena that do not occur in pure fluids, including traveling waves, localized pulses, timedependent envelopes of the convection rolls, and square patterns ͓29-31͔. In binary mixtures, temperature gradients change the concentration field because of thermal diffusion ͓32,33͔. This so-called Soret effect is characterized in RBC by the separation ratio
where ␤ is the solutal expansion coefficient, k T the thermal diffusion ratio ͓34͔, T the temperature, C the mass concentration of the heavier component ͓see Eq. ͑14͒ below͔, and S T ϭk T /C(1ϪC)T the Soret coefficient. The quantity k T is defined so that the heavier component moves to the cold ͑hot͒ region when k T Ͼ0 (k T Ͻ0). The thermal expansion coefficient ␣ ͓Eq. ͑2͔͒ is computed at constant C and ␤ϵϪ͑1/͒͑‫ץ/ץ‬C͒ P,T . ͑6͒
When ⌿Ͻ0, the induced concentration gradient stabilizes the conduction state because the heavy component moves to the hot region and retards the buoyancy. Thus the critical Rayleigh number is elevated, i.e., R c ϾR c0 . On the other hand, when ⌿Ͼ0, the induced concentration gradient is destabilizing the conduction state and the critical Rayleigh number is reduced, i.e., R c ϽR c0 .
In binary mixtures, the dynamics of the concentration variable is associated with an independent time scale governed by the concentration diffusivity D. Thus the Lewis number
LϵD/ ͑7͒
is an important parameter that measures the ratio of the thermal-diffusion time to the mass-diffusion time. For liquid mixtures, L is small ͓O(10 Ϫ2 )͔. In that case it is possible for the concentration to temporally lag behind the thermal gradient. When ⌿Ͻ0, this can lead to oscillations that are responsible for the existence of traveling waves and other interesting phenomena ͓29͔. On the other hand, for ⌿Ͼ0, the convection is stationary and the pattern that forms for small L is one of squares ͓30,31,35͔. Mass diffusion carries little heat for small L and thus for ⌿Ͼ0 the heat transport is not significantly enhanced by the convection for R c ϽRϽR c0 ͓30,31͔, where the Soret mechanism dominates. In binarygas mixtures, however, LϭO(1) and the heat transport is enhanced significantly in the range R c ϽRϽR c0 , as we will show in this paper. The pattern immediately above R c then consists of rolls like those in pure fluids.
The coupling of temperature and concentration in binary mixtures also gives rise to the Dufour effect, which consists of temperature gradients induced by concentration gradients. It is the reciprocal process of the Soret effect in Onsager's linear reciprocal relations ͓32,36,37͔. Recently, Lücke and co-workers ͓37,38͔ carried out a theoretical study of the role of the Dufour effect in RBC. A dimensionless Dufour number ͓37͔ was defined as
where ( P,T,C) is the chemical-potential difference per unit mass ͓see Eq. ͑24͒ below͔ and c p is the isobaric specific heat per unit mass. Note that Q is a purely thermodynamic quantity. The coupling strength of the Dufour effect depends on combinations of Q, L, and ⌿ ͓see Eq. ͑10͒ below͔. In liquid mixtures, L is small and thus the Dufour effect is negligible ͓36,37͔. On the other hand, in gas mixtures, LϭO(1) and the Dufour effect may not necessarily be ignored. When the effect is strong, it can significantly change the bifurcation topology and the existence regimes of stationary and traveling-wave convection ͓37,38͔. In order to understand the relevance of the Dufour effect more quantitatively, we examine the various terms in the governing equations ͓2,37,39͔ for RBC in binary mixtures. Scaling lengths by d, time by d 2 /, temperature by /␣gd 3 , concentration by /␤gd 3 , and P/ by 2 /d 2 , the Oberbeck-Boussinesq approximation leads to ͓37͔
where (x,y,z), c (x,y,z), and p(x,y,z) are the deviations of T, C, and P from their values in the conduction state. Here x and y are the horizontal axes, z is the vertical axis opposite the direction of gravity, and ẑ is the unit vector along z. The Dufour effect changes the temperature-field equation ͓Eq. ͑10͔͒ both ''diagonally'' via LQ⌿ 2 ٌ 2 and ''off diagonally'' via ϪLQ⌿ٌ 2 c. Thus a significant Dufour effect should occur when the parameter combinations LQ⌿ 2 and/or LQ⌿ are sufficiently large. Although Linz ͓40,41͔ and Hort et al. ͓37͔ roughly estimated the parameters for binary-gas mixtures, there has been no direct assessment of the Dufour effect for any real gas mixtures because a complete set of thermophysical properties is rarely documented. In this paper, we determine all the necessary properties for several binary-gas mixtures with good accuracy. It turns out that the role of the Dufour effect in all of these is very minor. The reason for this is that ⌿ tends to be small when Q is large. We test the predictions of linear ͓37͔ and weakly nonlinear ͓38͔ theory based on the above equations by measuring the critical Rayleigh number R c , the critical wave number k c , and the Nusselt number N near onset.
One can see from Eqs. ͑9͒-͑11͒ that the Prandtl number determines the relative weight of the nonlinear terms v•ٌv, v•ٌ, and v•ٌc. The stability and evolution of convection patterns depend greatly on which nonlinear terms are dominant. The term v•ٌv can yield a vertical-vorticity field ͓5,42͔ giving rise to large-scale horizontal flows, whose magnitude is inversely proportional to . It has been shown theoretically ͓42-45͔ and experimentally ͓46,47͔ that the large-scale flows are responsible for much of the complex spatiotemporal behavior of convection patterns observed at low Prandtl numbers ͓5,12,16-18͔. Thus it is of great interest to investigate the role of quantitatively, especially for Շ1. However, as a material property, cannot be readily adjusted in a given experiment. Prandtl numbers of pure gases generally are larger than the value 2/3 derived from kinetic theory for rigid-sphere molecules ͓48͔. Liquid metals have Շ0.03, but we know of no classical pure fluids ͓49͔ with 0.03ՇՇ0.67. Employing simplified models, Giacobbe ͓50͔ estimated the Prandtl number for binary noblegas mixtures involving helium and found that can reach about 0.2 for a helium-xenon mixture. In the present paper, we use a more accurate method, based on a combination of statistical-mechanical theory and experimental data from the literature and our experiments, to show that as low as 0.16 can be achieved by a hydrogen-xenon mixture. In our experiments we cover the range 0.16ՇՇ1.00 by using different binary-gas mixtures and pure gases and by changing their pressures and concentrations. Some results for the effect of the Prandtl number on spiral-defect chaos have been reported in Ref. ͓25͔ and we plan to present more detailed results in another paper ͓51͔.
The rest of this paper is organized as follows. In Sec. II we describe the general method used to obtain the thermophysical properties of pure gases and binary-gas mixtures required in the study of RBC. We also explain why Prandtl numbers can be lowered in binary-gas mixtures with a simple model. Section III presents the experimental setup and measurement methods. Experimental results for the onset of convection are presented in Sec. IV. Finally, in Sec. V we discuss the relative importance of the Soret and Dufour effects in binary-gas mixtures and give a summary of our work.
II. THERMOPHYSICAL PROPERTIES OF BINARY-GAS MIXTURES
Under ideal circumstances the physical properties of gases and their mixtures would be based on experimental determinations. Unfortunately, the amount of experimental data required for our needs is formidable and we must resort to less satisfactory approaches. Whenever possible, we used experimental measurements. When these were inadequate, we employed theoretical estimates based on kinetic theory and empirical interpolation formulas. This approach does not lend itself to a systematic presentation because the details vary from case to case. Thus, in this section we attempt to present the general methods that we have used. The details will differ for different mixtures, and more specific information including references to the literature for each of them is presented in the Appendix.
To study RBC in gases quantitatively, we need to know the ''primary'' thermophysical properties listed in Table I . Other thermodynamic and transport coefficients derivable from them are the kinematic viscosity ϭ/, the thermal diffusivity ϭ/c p , the thermal and solutal expansion coefficients given by Eqs. ͑2͒ and ͑6͒, and the specific heat per unit mass c p ϭC p /M . Here
is the molar mass of the mixture and M 1 and M 2 are the molar masses of the lighter and heavier pure component, respectively. The mole fraction X of the heavier component is given by TABLE I. Primary thermophysical properties of pure gases and binary-gas mixtures. The quantity X denotes the mole fraction of the heavier component in a mixture.
Property
Pure gas Binary-gas mixture
where N 1 and N 2 are the number of moles of the lighter and heavier component, respectively. In the hydrodynamic equations the mass concentration often is used and it is given by
The relationship between X and C is easily derived to be
and the derivative dC/dX is given by
We wrote a series of programs to calculate the thermophysical properties of eight pure gases ͑He, Ne, Ar, Xe, H 2 , N 2 , CO 2 , and SF 6 ) and six binary-gas mixtures ͑He-Xe, He-CO 2 , He-SF 6 , Ne-Ar, Ar-CO 2 , and H 2 -Xe͒ as a function of temperature and pressure. Using the same procedure, it is possible to determine thermophysical properties for many other binary-gas mixtures, especially noble-gas mixtures. The properties calculated in this work are applicable to the range 0°-60°C and 1-50 bars, except that the partial pressure has to be lower than 22 bars for SF 6 and 30 bars for Xe.
For the eight pure gases, their properties have been well summarized in the literature as functions of pressure and temperature ͑e.g., see Refs. ͓52-55͔͒. On the other hand, despite voluminous work ͓56,57͔, the thermophysical properties are documented incompletely for the mixtures. Fortunately, considerable success has been achieved in calculating the equation of state and the transport properties of dilute gases and gas mixtures from statistical mechanics, using a combination of the principle of corresponding states with intermolecular potentials based on a limited, well-chosen set of accurate measurements ͓32,58-61͔. Such calculations have reproduced the properties of some pure gases and gas mixtures with an accuracy comparable to measurements. Because the theoretical equations and empirical collision integrals that we used are complicated and have been documented in Refs. ͓32,59-61͔, we do not reproduce them here. In this work, while the pure gas properties were mainly obtained by fitting literature data, the mixture properties were determined by a combination of fitting data in the literature, doing molecular theory calculations, and measuring the thermal conductivity ourselves.
A. General procedure
Density
The density ( P,T,X) is calculated from the equation of state
where v is the molar volume, R the gas constant, and B(T,X), C(T,X), . . . the second, third, etc., virial coefficients. For our eight pure gases, the equations of state have been summarized in the literature, some up to the eighth or ninth virial coefficient. For a binary-gas mixture, the second virial coefficient is
where B 1 and B 2 are the second virial coefficients of components 1 and 2, respectively, and B 12 the second interaction virial coefficient associated with the unlike pair interaction between components 1 and 2. The coefficient B 12 (T) has been measured for many mixtures ͓62-66͔ and can be calculated by statistical-mechanical theory for some of them ͓59,61͔. The third virial coefficient is sometimes necessary to improve the accuracy of mixture densities, but the third unlike interaction virial coefficients are seldom available. So the third virial coefficients of pure gases were used to evaluate C(T,X) approximately.
Viscosity, thermal conductivity, and heat capacity
For both physical reasons and practical purposes, (,T,X) and (,T,X) are expressed as a sum of two independent contributions ͓32,67͔. Thus, writing Y (,T,X) for both properties we have
Here Y 0 (T,X)ϭY (0,T,X) is the contribution to the transport property in the limit of zero density, where only two-body molecular interactions occur. The second term ⌬Y (,T,X) represents the contribution of all other effects to the transport property at elevated densities, such as many-body collisions and collisional transfer. It can be expanded as a polynomial of ,
The expansion ͑20͒ is usually kept up to the second or third term. For the relatively narrow temperature range used in our experiment, Y 1 (T,X), Y 2 (T,X), etc., are sometimes assumed to be temperature independent, depending on the data available to us. Similarly, the heat capacity C p (,T,X) can also be expressed as Eq. ͑19͒ ͓32͔, where the first term is then due to the molecule's translational, rotational, and vibrational degrees of freedom and the second term stands for the contribution of all intermolecular interactions. For the pure gases used in our experiment, , , and C p are tabulated in the literature and easily can be fitted to Eqs. ͑19͒ and ͑20͒.
For the binary-gas mixtures, the calculation of and is much more complicated. Different methods have to be chosen, depending on the available data and theoretical results. For the noble-gas mixtures Ne-Ar and He-Xe, the zerodensity viscosity 0 and the zero-density thermal conductivity 0 can be calculated from kinetic theory and empirical integrals given by Kestin et al. ͓59͔ with an accuracy of 1% or so. For the mixtures involving polyatomic molecules, although 0 can be calculated from kinetic theory ͓61,68͔, the thermal conductivity cannot be treated well by kinetic theory due to the internal degrees of freedom and anisotropic pair potentials. When there are enough reliable experimental data, such as for He-CO 2 and Ar-CO 2 , both 0 and 0 were obtained by fitting to the data the empirical expression ͓56,69,70͔ . This method relates the mixture thermal conductivity to the thermal conductivity of its components and other properties of the system such as the viscosity and diffusion constants, which can be predicted accurately by kinetic theory. To get a good estimation of 0 , these properties were obtained from experimental data whenever possible. Because the method may have relatively large errors, the final result of was checked by our own measurements. We show later that the approximate method can predict quite accurately for He-SF 6 , but gives a result slightly smaller than the measured one for H 2 -Xe. In order to obtain the pressure dependence of the mixture and , we fitted Eq. ͑20͒ to experimental data whenever possible. When no data are available, we added the contributions of the two pure components together, i.e., ⌬Y (,T,X)ϭ⌬Y 1 ( 1 ,T) ϩ⌬Y 2 ( 2 ,T), where 1 and 2 are the densities of two components in the mixture and 1 ϩ 2 ϭ. Since the pressure dependence of and is usually small in our pressure range, such an approximation should work well. Because the specific heat of a gas is mainly contributed by the molecule's translational, rotational, and vibrational degrees of freedom, we assumed the contribution of unlike interactions of components 1 and 2 to be negligible. Hence we calculated the mixture heat capacity by adding the contributions of the two components together ͓50,70͔:
where P 1 and P 2 are the partial pressures of components 1 and 2, respectively.
Diffusion constant and thermal diffusion ratio
The mass diffusivity D and the zero-density thermal diffusion ratio k T0 are given by kinetic theory ͓32,59,61͔. The theory predicts that the product PD is constant for dilute gases. Hence, in studying the pressure dependence of D, the product PD should be studied. To first order, the pressure dependence of both PD and k T can be written as ͓74-77͔
where Z( P,T,X) stands for both PD and k T , and Z 0 (T,X) for their zero-pressure values. The second ''virial coefficient'' B Z (T,X) is a function of concentration and temperature. Unfortunately, there are only limited data on the pressure dependence of k T and PD. We used the measurements of B k T (T,X) for He-CO 2 and He-SF 6 by Trengove et al. up to 5 atm ͓76͔ and employed approximate methods summarized in Refs. ͓74,75͔ and in Refs. ͓76,77͔ to calculate B D (T,X) and B k T (T,X), respectively, from the second virial coefficients of pure gases and mixtures. Dunlop and his collaborators ͓74-76͔ have tested these methods experimentally for several mixtures at relatively low pressures ͑up to 5 atm for k T and 9 atm for PD). However, the second virial coefficient B k T (X,T) may not be sufficient because of the strong pressure dependence of k T . Finally, we point out that the value of k T depends on which concentration one uses, the mole fraction X or the mass concentration C. The original definition of k T ͓34͔ is based on the mole fraction; however, the mass concentration is used in the governing equations and the separation ratio.
The two values of k T are converted from one to another by k T,mass ϭ(dC/dX)k T,mole , where (dC/dX) is given by Eq. ͑16͒.
Chemical potential
The chemical-potential difference per unit mass of the mixture ( P,T,C) is given by ͓39͔ 
which is used to calculate the Dufour number ͓Eq. ͑8͔͒. The quantity ‫)‪C‬ץ/ץ(‬ T, P becomes infinite when C approaches 0 or 1.
Accuracy of the calculation
We estimated the accuracy of the above calculations by comparing the results with literature data and our own measurements of for the mixtures. For the pure gases, the estimated accuracy is better than 2% for all properties (, , , and C p ). For the six binary mixtures, the estimated accuracies are about 2% for and , 2-5 % for , 4-7 % for D, and 5-10 % for k T0 . The accuracy is better for noble-gas mixtures than for mixtures involving polyatomic molecules. Because of the strong pressure dependence of k T and the lack of data at elevated pressures, the accuracy of k T is relatively poor. There are no experimental data for C p , but we estimated that its accuracy is within 5% for the relatively low pressures used in this experiment.
In Figs. 1-3 we present several examples of the shear viscosity , the thermal conductivity , and the reduced low-density thermal diffusion ratio ␣ T0 ϭk T0,mole /X(1ϪX) as functions of X. To compare with experimental data, the calculations were done at the pressures and temperatures of those experiments cited in the figures. The results agree with the experiments within the accuracies given above. It is interesting to note the agreement between our measured and the calculated one for He-SF 6 in Fig. 2͑a͒ . The measurement method of and more comparisons are given in Sec. III D.
B. Dimensionless numbers
Now we can calculate the four dimensionless material properties required in the study of RBC in binary-gas mixtures, namely, the separation ratio ⌿, the Lewis number L, the Dufour number Q, and the Prandtl number . In Figs. 4-7 these parameters are presented as functions of the mole fraction X of the heavy component for Pϭ22 bars and Tϭ25°C. The separation ratio ⌿ for all six mixtures is posi-
Thermal conductivity as a function of the mole fraction X. The symbols are experimental data and the curves are the results calculated from the fits used in this work at the corresponding P and T. ͑a͒ The open circles ͓82͔ are for H 2 -Xe at Pϭ0.2 bar and Tϭ40°C, the solid circle ͓83͔ is for pure H 2 at the same condition, and the square ͑our measurement͒ is for He-SF 6 at Pϭ28.1 bars and Tϭ20.5°C. ͑b͒ The triangles ͓84͔ are for He-CO 2 at Pϭ28.5 bars and Tϭ27.5°C and the diamonds ͓85͔ are for Ne-Ar at Pϭ31.0 bars and Tϭ27.5°C. tive ͑Fig. 4͒ and goes to zero at Xϭ0 and 1 ͓Eq. ͑5͔͒. The maximum value ⌿ max is strongly affected by the molar-mass ratio
FIG. 3. Reduced low-density thermal-diffusion
͑Table II͒. If M is close to one, the separation ratio is small, e.g., ⌿ max is only 3.2ϫ10 Ϫ3 for Ar-CO 2 . However, when Mӷ1, the separation ratio can be quite large, as in the case of He-SF 6 , where ⌿ max Ӎ0.85. The peak position of ⌿(X) shifts to low X as M increases. In the case of noble-gas mixtures, the separation ratio increases monotonically with M at fixed X. Linz noted similar behavior in a previous analysis of Lorentz-gas mixtures ͓41͔. This monotonic relation does not hold well for binary-gas mixtures involving polyatomic molecules ͑Fig. 4͒.
The Lewis numbers increase with X from minimum values between 0.2 and 0.7 near Xϭ0 to maximum values between 1.6 and 22 near Xϭ1 ͑Fig. 5͒. The maximum value is 22 for He-SF 6 and 13.7 for H 2 -Xe. On the other hand, the Dufour number is proportional to 1/C(1ϪC) ͓Eq. ͑26͔͒ and thus diverges in the pure-gas limits ͑Fig. 6͒. The minimum value of Q(X) is about 34 for Ar-CO 2 and 3.2 for Ne-Ar, but Q is close to zero for the other four mixtures with MϾ10 except near the pure-gas limits ͑Fig. 6͒. More interestingly, for all mixtures except Ar-CO 2 , the Prandtl number is lower than that of either pure component over most of the range of X ͑Fig. 7͒. The minimum value of decreases almost monotonically with increasing M as shown in Table  II .
One sees from Figs. 4 and 6 and Table II that ⌿ and Q do not both have large values under the same conditions. Since the strength of the Dufour effect depends on LQ⌿ and LQ⌿ 2 ͓Eq. ͑10͔͒, we plotted these two parameter combinations vs X for Ar-CO 2 and He-SF 6 in Fig. 8 . The values of both LQ⌿ and LQ⌿ 2 are so small for Ar-CO 2 that the Dufour effect is very weak even though Q is large. For He-SF 6 , the value of LQ⌿ 2 is small, but LQ⌿ can be relatively large. Hence it is not straightforward to determine the strength of the Dufour effect for this mixture without additional analysis. Therefore, we discuss the influence of the Dufour effect on the onset of convection in detail in Sec. V A.
C. Why is the Prandtl number lowered in binary-gas mixtures?
It is worthwhile to understand why the Prandtl number is lowered in binary-gas mixtures. This may be useful also in design engineering involving heating or refrigeration systems ͓50,90͔, where reducing may increase the heattransfer coefficient. Kinetic theory for rigid-sphere molecules
where a and b are constants, ␦ is the molecular diameter, and ⍀ is a collision integral. For a monatomic gas, c p ϭ(5/2)R/M and ϭ(/)c p ϭ2/3. Using a molefraction-weighting ͑MFW͒ approximation, Giacobbe ͓50͔ found
for binary noble-gas mixtures. The mixture heat capacity is also c p ϭ(5/2)R/M , with M given by Eq. ͑12͒. Then the Prandtl number is
It can be shown analytically that the denominator in Eq. ͑30͒ is larger than the numerator for 0ϽXϽ1 if MϾ1. The denominator equals the numerator for pure gases (Xϭ0,1). A larger value of M yields a smaller value of for a fixed X. Therefore, the Prandtl number of binary-gas mixtures is always smaller than that of pure gases for a rigid-sphere model. The smallest value of decreases with increasing M. This argument can be extended to binary-gas mixtures involving polyatomic molecules by employing the Eucken correction ͓48͔ in the estimate of the thermal conductivity of polyatomic gases. For two pure components /ϰM , so the ratio is small for the light component and large for the heavy one. Since the square roots of the molar masses enter into /, the ratio grows relatively slowly as X increases until X is close to one ͑see Fig. 9 for an example of a real gas mixture͒. However, in the mass heat capacity c p , the mass of the heavy molecule is more important and c p drops quickly as X increases from 0 and then begins to level off ͑Fig. 9͒.
Hence the product of / and c p reaches a minimum at a middle value of X. In Fig. 10 we compare the estimates based on the MFW approximation with our numerical results for Pϭ1 bar and Tϭ25°C for four mixtures. In the case of a monatomic ͑noble͒ gas mixture, the MFW method predicts a minimum value of very close to the real value, but at a somewhat different concentration ͓Fig. 10͑a͔͒. In the case of mixtures involving polyatomic gases ͓Fig. 10͑b͔͒, two MFW curves are shown for each mixture: the dashed curve assumes a polyatomic molecule to be a monatomic one having the same mass, while the dot-dashed curve takes the internal degrees of freedom into account when estimating the thermal conductivity and heat capacity. It is apparent that the internal degrees of freedom increase the minimum Prandtl number. The increase is more significant when a polyatomic molecule consists of a larger number of atoms. For example, the molar-mass ratio M of He-SF 6 is larger than that of He-Xe, but its minimum is considerably higher than that of He-Xe ͑Fig. 7͒. Therefore, H 2 -Xe is actually the binary-gas mixture giving the smallest , since all mixtures with a larger M involve more internal degrees of freedom.
III. EXPERIMENTAL METHOD

A. Apparatus and gases
The apparatus was described in detail by de Bruyn et al. ͓8͔ . We used three convection cells with ⌫ϭ30 ͑cell 1: rϭ43.2 mm, dϭ1.460 mm͒, ⌫ϭ29 ͑cell 2: rϭ43.0 mm, dϭ1.500 mm͒, and ⌫ϭ70 ͑cell 3: rϭ42.3 mm, dϭ0.608 mm͒. They consisted of a sapphire top plate, a diamond-machined aluminum bottom plate, and circular sidewalls made of porous filter paper. The plates were parallel to within 2 m. The pressure was regulated to Ϯ0.005 bar. The top plate was held at a constant temperature T t regulated to Ϯ1 mK by circulating bath water, while the bottom-plate temperature T b , regulated to Ϯ0.5 mK, was varied as the experimental control parameter. The gas-filled volume outside the convection cell was filled with open-pore foam material to insulate the bottom plate and prevent convection.
All gases were purchased from Air Liquide America Corporation. Their purity was better than 99.99%. We used three pure gases ͑Ar, CO 2 , and SF 6 ) and four binary-gas mixtures ͑Ne-Ar, He-CO 2 , He-SF 6 , and H 2 -Xe͒ in convection experiments. By choosing different mixtures and pure gases and by varying their concentration and pressure, we varied from 0.17 to 1.01, ⌿ from 0 to 0.80, L from 0.67 to 6.35, and Q from 0.07 to 4.51 ͑see Tables IV and V below͒. Three other pure gases ͑He, Ne, and N 2 ) were used as well to calibrate the heat conduction of the cell walls.
The H 2 -Xe mixture was purchased from the manufacturer who specified the mole fraction of xenon to be Xϭ49.6% with an accuracy of better than Ϯ1%. The Ne-Ar, He-CO 2 , and He-SF 6 mixtures were prepared in our laboratory from the pure gases. Before filling the mixing cylinder, we flushed it with the first component several times. After the cylinder was filled with the first component, the pressure P 1 and temperature T 1 were measured and the gas density was calculated from the equation of state. After the second component had been added, the final pressure P and temperature T were measured. The concentration was then determined from the mixture's equation of state by finding the value X that gives the correct density of the first component. The pressures and temperatures were always measured after thermal and concentration equilibrium was reached. To minimize the error from uncertainties in the equation of state ͑which is largest at the highest pressures͒, the final mixture pressure was kept as low as possible and yet high enough to fill the convection cell to the desired pressure of the experiment. The concentration accuracy of our mixtures was Ϯ(1Ϫ2) %.
The onset of convection was determined by measuring the Nusselt number N and the shadowgraph-image contrast. By definition, Nϭ1 in the conduction state. As convection starts, N increases with ⌬T because the heat transport is enhanced by convection. The convection modulates the temperature and concentration fields horizontally, leading to spatial variation of the vertical average of the refractive index in the x-y plane, which is visualized by the shadowgraph method ͓8,31͔.
B. Heat conduction of the cell wall
To measure the Nusselt number N and the thermal conductivity of the gas mixtures precisely, we calibrated the heat conduction of the cell sidewall using six pure gases ͑He, Ne, Ar, N 2 , CO 2 , and SF 6 ) with a wide range of known thermal conductivities. In the conduction state, the conductance ͑equal to the heat current per unit temperature difference͒ of the gas inside the cell is Q g ϭA/d, where Aϭr 2 is the cell area. The conductance Q w of the sidewall, foam, solid supports, and the gas outside the cell can be modeled as heat FIG. 10 . Comparison of our best estimates ͑solid lines, Pϭ1 bar and Tϭ25°C͒ with the estimates based on the MFW approximation ͑dashed and dot-dashed lines͒. The dashed curves correspond to the approximation that all molecules are monatomic, while the dot-dashed curves take the internal degrees of freedom into account in the thermal conductivity and heat capacity. ͑a͒ Noble-gas mixtures Ne-Ar and He-Xe and ͑b͒ the mixtures He-CO 2 and H 2 -Xe, which involve polyatomic molecules.
FIG. 11. Calibration of the thermal conductance Q(T t ,0)
͑in W/K͒ for cell 1 at T t ϭ21.0°C. From left to right, the circles are the experimental results for SF 6 , CO 2 , Ar, N 2 , Ne, and He. The solid curve is a fit to the total conductance Qϭ0.1624 ϩ7.427Ϫ1.0/(6.592ϩ431.37). Here is in W/mK. The dashed and dot-dashed lines are the gas sample and wall conductance, respectively. transport in porous media ͓91͔. Then the total heat conductance QϭQ g ϩQ w can be expressed as
where a 1 to a 4 are positive and depend on the properties of the filter paper and foam, the geometry outside the cell, the thermal conductivity of solid supports, and so on. These fitting parameters are temperature dependent.
In the experiment, we kept the top-plate temperature T t constant and increased the bottom-plate temperature T b . This protocol caused the mean temperature T m ϭ(T t ϩT b )/2 and thus the average thermophysical properties and Q to vary with ⌬TϭT b ϪT t ͓92͔. Furthermore, as ⌬T changed, the mean concentration X m inside the convection cell varied slightly because of the diffusion that resulted from the difference of the mean temperatures inside and outside the cell. The concentration variation also changed the properties and Q. In short, when ⌬T went up, T m increased, while X m decreased slightly for ⌿Ͼ0. For our mixtures, both increasing T m and decreasing X m raised the thermal conductivity, so Q increased with ⌬T. In the conduction state, we have the linear relationship
for not very large ⌬T and the thicker cells 1 (dϭ1.460 mm͒ and 2 (dϭ1.500 mm͒, as confirmed by the heat-transport measurement ͓see Fig. 12͑a͔͒ . The quantity QЈ(T) turned out to be small. For the thin cell 3 (dϭ0.608 mm͒, however, we found that the quadratic term QЉ(T t )(⌬T) 2 had to be included in Eq. ͑32͒. Here QЉ is negative and its absolute value is smaller than QЈ by a factor of 20-100.
We calibrated the cell conduction at TϭT t by extrapolating Q(T t ,⌬T) to ⌬Tϭ0. Figure 11 shows a calibration result for cell 1 at Tϭ21°C. The average deviation of the fitted curve ͓solid line, Eq. ͑31͔͒ from the experimental data ͑circles͒ is about 0.4%. The cell contribution Q g and the wall contribution Q w are plotted as dashed and dot-dashed curves, respectively, in Fig. 11 . We note that the cell wall conducts more than half of the heat. Similar results were obtained for the other cells.
C. The mean concentration for ⌬T>0
For ⌬TϾ0, the mean concentration X m in the cell was slightly smaller than the initial value X 0 at ⌬Tϭ0 because ⌿Ͼ0 and the mean temperature inside the cell was larger than that outside the cell. We obtained X m by measuring dQ/dT m ϭ2(dQ/d⌬T) in the conduction state. One has 52 and Pϭ30.6 bars (⌫ϭ30) . ͑a͒ The total thermal conductance Q(⌬T) for the whole range of ⌬T in this experiment and ͑b͒ Q(⌬T) near the onset of convection. Two solid lines in ͑b͒ are the linear fits to the data below and above the onset of convection, respectively. Their intersection gives the critical temperature difference ⌬T c ϭ6.01°C.
where ϭ(T m ) is the mean thermal conductivity. The value of ‫ץ/‪Q‬ץ‬ was calculated from Eq. ͑31͒, while ‫‪T‬ץ/ץ(‬ m ) X and ‫)‪X‬ץ/ץ(‬ T were evaluated from the thermal conductivity of the gas mixture. The quantity (‫ץ‬Q/‫ץ‬T m ) is due to the temperature dependences of a 1 to a 4 in Eq. ͑31͒ and was determined in the calibration of the cell conduction. Assuming all quantities in Eqs. ͑33͒ and ͑34͒ to be constant, we get dX/dT m from Eqs. ͑33͒ and ͑34͒ and thus X m ϭX 0 ϩ(dX/dT m )⌬T/2. For ⌿Ͼ0, dX/dT m Ͻ0.
D. Measurement of the thermal conductivity of the gas mixtures
The thermal conductivity of a gas mixture is determined from Eq. ͑31͒ by measuring Q with the gas mixture in the cell. The measured thermal conductivities m and the calculated ones c are given in Table III The values of m and c agree well for Ne-Ar and He-CO 2 at Xϭ0.879. The deviation of 3.3% for He-CO 2 at Xϭ0.537 may be largely due to the concentration error since we know that the accuracy of c is within 2% for He-CO 2 mixtures by comparing c with independent experimental data in the literature ͑see the Appendix͒. If, for instance, Xϭ0.527, then c ϭ4.818ϫ10 Ϫ2 W/mK, which is only 1.4% smaller than m . For three He-SF 6 mixtures, the agreement is reasonably good, indicating that the approximate method due to Monchick et al. ͓71-73͔ is fairly accurate for this mixture. However, m is more than 4% larger than c for H 2 -Xe. This deviation can only be partially attributed to a concentration error since the concentration accuracy given by the manufacturer is Ϯ1%. The difference may be largely due to the approximate nature of the method and the errors of the force constants for the Lennard-Jones potential ͓68͔. In the remainder of this paper, we shall use m for the H 2 -Xe mixture and c for the other five mixtures.
IV. EXPERIMENTAL RESULTS
A. Onset of convection
We determined the onset of convection for each gas or mixture by measuring the heat transport and the shadowgraph contrast. A typical example of heat-transport measurements is given in Fig. 12 for a run with a He-CO 2 mixture having an initial concentration Xϭ0.537 ( Pϭ30.60 bars, run 7 in Tables IV and V͒. The top-plate temperature was fixed at T t ϭ21.0°C, while the bottom-plate temperature T b was increased in small steps from 21.0°C to 33.5°C. We allowed 2-6 h ͑over 2⌫ 2 t v , where t v is the vertical thermal diffusion time͒ at each ⌬T for transients to decay before taking a time average of the total power p supplied to the bottom plate. Figure 12͑a͒ gives the conductance Qϭp/⌬T versus ⌬T for this run. When ⌬T went up from zero, Q increased slowly and linearly in the conduction state. This increase is attributable primarily to the change in the mean concentration discussed in Sec. III C and to a lesser extent to the temperature dependence of gas conductivity and the wall conduction. At ⌬TϷ6.0°C, Q started to grow faster, showing that convection occurred. An enlarged view of Q(⌬T) near the onset of convection is given in Fig. 12͑b͒ . To find the critical temperature difference ⌬T c precisely, we fitted straight lines to the data below and above onset in Table IV . There we also list the mean concentration X mc and the mean temperature T mc at onset. Experiments with pure gases are given in the table for comparison. In the shadowgraph method ͓8,31͔, the initial ͑incoming͒ light intensity is I 0 (x), where x is the horizontal position vector within the cell. The shadowgraph image at ⌬T is denoted as I(x,⌬T). We define the shadowgraph signal as
When there is no horizontal refractive-index variation, I(x,⌬T)ϭ0 if we neglect experimental noise. When convection occurs, the refractive index is modulated horizontally, and for small modulation I(x,⌬T)ϰ␦n(x,⌬T) ͓8,31͔, where ␦n(x,⌬T) is the vertical average of the deviation of the refractive index from its mean value. Figure 13 shows the spatial average ͗I 2 (x,⌬T)͘ x of the square of the shadowgraph signal as a function of ⌬T near the ones of convection for the experiment described in Fig. 12 . For ⌬TϽ⌬T c , the small positive constant value of ͗I 2 ͘ x ͑horizontal line in Fig. 13͒ is attributable to experimental noise. When ⌬TϾ⌬T c , there is an initially linear increase of ͗I 2 ͘ x with ⌬T as shown in Fig.   13 . The critical temperature difference determined by the shadowgraph method is ⌬T c ϭ6.01°CϮ0.01°C. The two methods giving the same ⌬T c demonstrates that the heat transport is enhanced significantly as soon as convection starts in binary-gas mixtures, similar to the case of pure fluids. In contrast, for binary-liquid mixtures with ⌿Ͼ0, the heat conduction is enhanced so little for ⌬T c Ͻ⌬TϽ⌬T c0 that ⌬T c cannot be determined by heat-transport measurements ͓30,31͔. The convection patterns appearing at onset were rolls when ⌬T c was relatively small. Because of sidewall forcing ͓10,11͔, as ⌬T increased from below to above ⌬T c , a concentric-roll ͑target͒ pattern appeared first ͓Fig. 14͑a͔͒. It became unstable as ⑀ϵ⌬T/⌬T c Ϫ1 ͑36͒
increased ͓11͔. After the target was completely destroyed at large ⑀, we reduced ⌬T to just above ⌬T c . For relatively large Prandtl numbers (տ0.4), time-independent straightroll patterns were produced by this method at sufficiently small ⑀ ͓Figs. 14͑e͒ and 14͑f͔͒. For smaller Prandtl numbers, the patterns appeared to be more susceptible to sidewall forcing. In that case straight-roll patterns occupied only part of the cell even at very small ⑀ ͓Figs. 14͑c͒ and 14͑d͔͒. The remainder contained curved rolls more or less parallel to the sidewall. The patterns sometimes were slowly time dependent because defects generated near sidewall moved through the cell. Figures 14͑c͒ and 14͑d͒ were taken from the same run at a time interval of 56 min. When ⑀ was increased slightly, a secondary instability led to time-dependent patterns with foci and defects ͓Fig. 14͑b͔͒ similar to those found in pure gases with Ӎ1 ͓5,12͔.
Hexagonal patterns appeared at onset in runs 6, 16, 18, and 20 ͑Table IV͒ because their ⌬T c was relatively large and the Oberbeck-Boussinesq approximation failed ͓2͔. Figure  14͑g͒ from a He-SF 6 mixture is similar to that found in pure CO 2 ͓93͔. When ⑀ was increased slightly, hexagons and rolls could coexist ͓Fig. 14͑h͔͒. As ⑀ was increased a little further, hexagons gave way completely to rolls.
The critical wave number k c of the rolls at onset was calculated by Fourier analysis of the shadowgraph images. ͑The dimensionless wave number is defined as kϵ2d/ w , where w is the roll wavelength.͒ We found k c Ͻk c0 ϭ3.117 for convection in binary-gas mixtures ͑Table V͒, where k c0 is the critical wave number for convection in single-component fluids.
We calculated the critical Rayleigh number R c and the critical wave number k c based on the linear stability analysis of Hort, Linz, and Lücke ͓37͔ in order to compare the theory with our experiment, using a computer program provided by Hort and Lücke. The stability analysis takes both the Soret and Dufour effects into account. The calculations were done for the thermophysical properties at the mean temperature T mc ϭT t ϩ⌬T c /2 and the mean concentration X mc at the onset of convection.
In Table V we list the experimental results r c e and k c e for r c ϵR c /R c0 ϭ⌬T c /⌬T c0 t and k c for several mixtures, as well as the corresponding theoretical predictions r c t and k c t . The mean temperature T mc and the mean concentration X mc at onset were listed already in Table IV . In addition, we give the dimensionless numbers , ⌿, L, and Q corresponding to these runs. The good agreement between experiment and theory for r c and k c shows that ͑i͒ the thermophysical properties are determined quite accurately and ͑ii͒ the evaluation of the linear stability analysis ͓37͔ is quite accurate. For most mixtures, r c e is a little smaller than r c t . This is probably due to the underestimation of the thermal diffusion ratio k T and thus of ⌿ at elevated pressures by considering only the second virial coefficient for k T ͓Eq. ͑23͔͒ ͑the thermal diffusion ratio depends strongly on pressure͒. This idea is consistent with the result for the two H 2 -Xe mixtures ͑Table V͒; the run at the larger pressure has a larger relative difference between r c e and r c t .
B. The Nusselt number
We obtained the Nusselt numbers N from the conductance Q g ϭQϪQ w of the gas inside the cell. It is given by
where the heat conductance of the gas in the absence of convection
and the sidewall contribution
were determined from the heat-transport measurements in the conduction state ͓Eq. ͑32͔͒ and the calibration of the sidewall conduction ͓Eq. ͑31͔͒. Their ⌬T dependence was extrapolated to the convection state. Figure 15 shows N(⑀) for the measurements of Q(⌬T) described in Fig. 12 . In the conduction state (⑀Ͻ0) Nϭ1, while NϾ1 in the convection state. Near the onset of convection, N can be expanded as
where S 1 and S 2 depend on , ⌿, Q, and L. The coefficient S 1 is the initial slope of N(⑀) at onset and is given by FIG. 14. Convection patterns close to onset: ͑a͒ and ͑b͒ H 2 -Xe at Xϭ0. 48, Pϭ20.7 bars (ϭ0.17, ⌫ϭ29) , and ͑a͒ ⑀ϭ0.025 and ͑b͒ ⑀ϭ0.046; ͑c͒ and ͑d͒ He-SF 6 at Xϭ0. 38, Pϭ15.3 bars (ϭ0.33, ⌫ϭ30) , and ⑀ϭ0.038, and ͑d͒ was taken 56 min after ͑c͒ was imaged; ͑e͒ He-CO 2 at Xϭ0.52, Pϭ30.6 bars and ⑀ϭ0.055 (ϭ0.47, ⌫ϭ30); ͑f͒ pure CO 2 at Pϭ24.92 bars, ⑀ϭ0.043 (ϭ0.91, ⌫ϭ30); ͑g͒ and ͑h͒ He-SF 6 at Xϭ0. 35, Pϭ35.85 bars (ϭ0.34, ⌫ϭ70) , and ͑g͒ ⑀ϭ0.012 and ͑h͒ ⑀ϭ0.021. For clarity, partial images are shown in ͑g͒ and ͑h͒. 
The coefficient S 2 determines how dN/d⑀ changes with ⑀ near onset. We determined the slope S 1 e and S 2 e by a straightline extrapolation at small ⑀ of the experimental data for (NϪ1)/⑀ from ⑀Ͼ0 to ⑀ϭ0. The results S 1 e and S 2 e for several runs are given in Table IV . The value of S 1 e is significantly larger than zero, in contrast to S 1 ՇO(10 Ϫ2 ) for convection in binary-liquid mixtures ͓30,31͔. The quantity S 2 e is always negative, indicating that N increases more slowly as ⑀ increases.
For pure fluids (⌿ϭ0), the theoretical value S 1 t () for an infinitely extended pattern of perfect straight rolls was calculated exactly by Schlüter, Lortz, and Busse ͓94͔. Although S 1 vanishes as goes to zero, the dependence on is weak for տ0.35 and S 1 t Ӎ1.42 for Ӎ1. Such a calculation is not available for the mixtures (⌿Ͼ0). However, employing a low-order Galerkin approximation for nonslip, impermeable boundary conditions at the top and bottom of the cell, Hollinger and Lücke ͓38͔ derived an eight-mode Lorenz model that pertains when stationary straight rolls are stable close to onset. We evaluated the initial slope S 1 HL of N from this model for the parameters of our experimental runs. However, due to the approximate nature of the model ͓38,95,96͔, it gives S 1 HL ϭ1.718 independent of in the pure-fluid limit rather than the exact value 1.422 for near one. Thus we made the empirical but reasonable estimate S 1 t Ӎ(1.422/1.718)S 1 HL . These values are compared with S 1 e in Table IV . They are found to be systematically higher than S 1 e by 0.2Ϫ0.3. This difference between experiment and theory has long been known for pure fluids ͓97͔. Presumably it is attributable to the depression of the heat transport in the experimental system by the boundaries, by roll curvature, and by defects in the pattern. We conclude that at best the difference S 1 e (⌿ϭ0)ϪS 1 e (⌿) can be compared effectively with the corresponding theoretical prediction. Table IV suggests that the agreement for this difference is quite good.
It would seem instructive to examine S 1 e and S 1 t as a function of the dimensionless parameters that are relevant to the mixtures. Because, in principle, S 1 depends on ⌿, L, , and Q, it is not very helpful to plot S 1 as a function of any one of these parameter. We illustrate this in Fig. 16͑a͒ , which shows S 1 as a function of ⌿. The results show no reasonable trend and scatter widely. Thus we searched for a parameter combination that would serve as an approximate scaling variable in the sense that the experimental and theoretical data for S 1 , when plotted against this variable, will fall close to the same smooth curve. As already pointed out above, the dependence of S 1 is weak for pure fluids and տ0.35. The eight-mode model shows ͓38͔ no dependence of S 1 on . Thus we neglected from the scaling variable. Examination of the eight-mode model's solutions ͓38͔ reveals that S 1 depends only very weakly on Q for the parameters of our experiments. Thus, to a good approximation Q may also be dropped. So finally we need an appropriate combination of ⌿ and L. Here we are guided by the analytic result for ͑unrealistic͒ permeable and free ͑slip͒ horizontal boundary conditions ͓98͔
However, for pure fluids, S 1 f (⌿ϭ0)ϭ2, which is larger than the result of Schüler et al. for realistic rigid boundaries. Thus we examine only the difference S 1 e,t (0)ϪS 1 e,t (⌿,L) as a function of the scaling variable
This is done in Fig. 16͑b͒ , where we used the average experimental value S 1 e (0)ϭ1.14 from the three pure gases and The theoretical value of S 2 was also estimated by using the eight-mode model for both pure gases and binary-gas mixtures. The correction factor discussed above was employed, so S 2 t Ӎ(1.422/1.718)S 2 HL . The value of S 2 t is listed in Table IV for some experimental runs. In Fig. 17 , S 2 e and S 2 t are plotted as a function of S 1 e and S 1 t , respectively. We find that S 2 e agrees with S 2 t , though both of them are quite scattered and a smooth curve does not seem to exist. There is a clear trend that S 2 decreases with increasing S 1 , i.e., as ⑀ increases dN/d⑀ decreases more slowly for smaller initial slope S 1 ϭ(dN/d⑀) ⑀ϭ0ϩ .
V. DISCUSSION
A. The strength of the Dufour effect
The influence of the Dufour effect (QϾ0) depends on LQ⌿ and LQ⌿ 2 ͓see Eq. ͑10͔͒. In Sec. II B we found that the values of these parameter combinations are small, for instance, for Ar-CO 2 ( Pϭ22 bars, Tϭ25°C) even though Q itself is not small ͑Fig. 6͒. For He-SF 6 under the same conditions, LQ⌿ 2 is also small, but LQ⌿ can be relatively large ͑Fig. 8͒. Thus we examine the linear properties of this mixture, using stability analysis ͓37͔. In Fig. 18 we plot r c and k c for the He-SF 6 mixture with (QϾ0, solid line͒ and without (Qϭ0, dashed line͒ the Dufour effect. The value of r c increases very slightly when the Dufour effect is turned off, while k c decreases by a small amount. The effect is at most of the same size as typical experimental errors and much smaller than the Soret effect. The other four mixtures ͑Ne-Ar, He-CO 2 , He-Xe, and H 2 -Xe͒ show a similar or weaker Dufour effect.
B. Summary
In this paper we presented the results of an extensive experimental investigation of Rayleigh-Bénard convection in binary-gas mixtures. A complete set of thermodynamic and transport properties was accurately determined for six binary-gas mixtures ͑He-CO 2 , He-SF 6 , He-Xe, Ne-Ar, Ar-CO 2 , and H 2 -Xe͒ by a combination of fitting data in the literature, doing molecular-theory calculations, and measuring the thermal conductivity ourselves. All six mixtures have positive separation ratios ⌿Ͼ0 ͑Fig. 4͒. The Lewis number L is of order one ͑Fig. 5͒. An important feature of binary-gas mixtures is that their Prandtl number can be lower than that of the two pure components ͑Fig. 7͒. We discussed the physical reason and showed that the minimum Prandtl number that can be reached is about 0.16. Such low Prandtl numbers may be of technological importance in design engineering involving heating or refrigeration systems ͓50,90͔.
Both the heat-transport ͑Nusselt number N) measurements and the shadowgraph imaging gave the same critical temperature difference ⌬T c for the onset of convection in binary-gas mixtures. The measured r c ϭR c /R c0 and k c ͑Table V͒ agree well with the prediction of linear stability analysis ͓37͔. In contrast to convection in binary-liquid mixtures having ⌿Ͼ0, N increases significantly in binary-gas mixtures as soon as R c is exceeded and convection starts. Consistent with predictions ͓35͔ for this parameter range, the convection patterns appearing near onset ͑Fig. 14͒ are rolls ͑hexagons appear at onset for relatively large ⌬T c ). So the convection in binary-gas mixtures behaves qualitatively like that in pure fluids, except that R c ϽR c0 ϭ1708 and k c Ͻk c0 ϭ3.117. The initial slope of the Nusselt number (dN/d⑀) ⑀ϭ0ϩ at onset was compared with that predicted by an eight-mode Galerkin truncation ͓38,96͔. Good agreement was found for the variation of this slope with ⌿ and L ͑Fig. 16͒. Based on the gas-mixture properties determined in this paper, we found that the Dufour effect ͑the reciprocal process of the Soret effect͒ is very weak in binary-gas convection ͑Fig. 18͒.
In view of the great variety of nonlinear phenomena found in binary-liquid mixtures with ⌿Ͻ0 ͓29͔, it would be interesting to study RBC in binary-gas mixtures with negative separation ratios. Gas mixtures can have lower Prandtl numbers, larger Lewis numbers, larger aspect ratios, and faster time scales than liquid mixtures. Unfortunately, it appears that the separation ratio is always positive for relatively low pressures. A negative ⌿ can perhaps be found in the critical region ͓99͔ and in very dense gases ͓100͔. However, it is hard to obtain a complete set of thermophysical properties under those conditions.
Although so far binary-gas mixtures have been limited to ⌿Ͼ0, they provide unique opportunities for the exploration of various nonlinear phenomena in RBC at Prandtl numbers between 0.16 and 1 and for Lewis numbers of order one. An important example is high-Rayleigh-number turbulent convection ͓7͔, where the nature of the boundary layers should change as ⌿, , and L are varied. Another is the quantitative study of the effect of and L on various secondary instabilities and spatiotemporal chaos. Using gas mixtures, we found recently that the onset of spiral-defect chaos depends significantly on the Prandtl number ͓25͔. A detailed study of complex spatiotemporal behavior of convection patterns will be presented in another paper of this series ͓51͔.
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APPENDIX
Here we give major references for each gas and mixture. The actual methods used to obtain the thermophysical properties are briefly described. Since a large number of theoretical and fitting equations are involved, we do not reproduce them here. 
c. Ne and Ar
The second virial-coefficient B, zero-density , and zerodensity were calculated from kinetic theory ͓59͔. The density dependences of and were obtained from fits to the data in Ref. ͓53͔ . The heat capacity C p is based on the data in Ref. ͓53͔ . We cross-checked the various estimates using the experimental data in Refs. ͓102,103͔.
d. Xe
All fits for B, , , and C p are based on the data in Ref.
͓53͔. Some of the fitting equations are given in that book. We cross-checked some results using the experimental data from Ref. ͓103͔. 
Binary-gas mixtures
a. Ne-Ar
The second virial coefficient B and zero-density , , D, and k T were calculated from statisticalmechanical theory ͓59͔. We took the density dependence of from that of the two pure components ͓53͔, while the density dependence of was obtained by fitting to the data in Refs. ͓53,85͔. No data are available for the pressure dependence of D and k T , so the models discussed in Sec. II A3 were used to estimate their pressure dependence. We crosschecked some of the results using the data in Refs. ͓81,85,89,102͔.
b. He-Xe
The second virial coefficient B and zero-density , , D, and k T were calculated by statistical-mechanical theory ͓59͔. The density dependence of and was obtained from the two pure components ͓53,103͔. No data are available for the pressure dependence of D and k T , so the models discussed in Sec. II A3 were used to estimate their pressure dependence. Some of these results were crosschecked by the data in Refs. ͓78,113-115͔.
c. He-CO 2
An equation of state containing up to the fifth virial coefficient was used. The second virial coefficient B was fitted to the data in Refs. ͓64,116͔. The third virial coefficient C was fitted to the data at 0°C ͓116͔ using the formula CϭC he X he ϩC c X c a . Here a is the fitting parameter. The fourth and fifth virial coefficients were estimated from that of pure CO 2 neglecting helium, i.e., DϭD c X c 4 and EϭE c X c 5 .
For the zero-density and , Eq. ͑21͒ was fitted to the experimental data in Refs. ͓79,84͔. Their density dependence was obtained from a fit to the data in Refs. ͓79,84͔. The zero-density D and k T were calculated from kinetic theory ͓61͔. We used an equation of state containing terms up to the fourth virial coefficient. The second virial coefficient B was calculated from kinetic theory except that B 12 was corrected using the data from Refs. ͓64,65͔. The third virial coefficient was based on the two pure components, while the fourth virial coefficient was estimated from pure SF 6 . The zerodensity was calculated from kinetic theory ͓61͔, while the zero-density was estimated by the approximate method due to Monchick et al. ͑see Sec. II A2͒. The pressure dependence of and was taken from that of the two pure gases.
The zero-density D and k T were also calculated from kinetic theory ͓61͔. However, we corrected k T based on the experimental data in Refs. ͓76,86,87͔ since the calculated values were systematically smaller than the experimental data. The pressure dependence of D is given up to 9 atm at 300 K by Ref. ͓75͔, while the pressure dependence of k T is given by Ref. ͓76͔ up to 5 atm.
f. H 2 -Xe
The second virial coefficient was determined from Refs.
͓53,63,107͔. The zero-density was calculated from kinetic theory based on a Lennard-Jones potential ͓68͔. The zerodensity was estimated by the method of Monchick et al.
The density dependence of and was based on that of the pure gases. The zero-density D and k T were calculated from kinetic theory ͓68͔. Their density dependence was estimated from the models discussed in Sec. II A3. Some theoretical results were cross-checked by the data in Refs. ͓78,82,88,123͔.
